Introduction
Cardiovascular disease has emerged as the number one cause of both morbidity and mortality for individuals living with spinal cord injury (SCI; Garshick et al. 2005) . Furthermore, recent epidemiological data have indicated that the SCI population is at significantly increased odds of developing heart disease (adjusted odds ratio 2.72, 95% confidence interval 1.94-3.82; Cragg et al. 2013) .
A recent surge in the number of preclinical rodent experiments has enhanced our understanding of cardiac dysfunction in this population. When sympathetic preganglionic neurons to the upper thoracic spinal cord are devoid of supraspinal control, our group showed that SCI (T3) induces a reduction in global left ventricular (LV) dimensions (West et al. 2014 (West et al. , 2016 Squair et al. 2017a ) and LV mechanics (West et al. 2016) and impairs LV contractility (West et al. 2014; Squair et al. 2017a ), all of which are perpetuated by chronic exposure to autonomic dysreflexia (West et al. 2016) . Furthermore, we have shown more recently that load-independent LV function is impaired after T3 SCI and is accompanied by atrophy of cardiomyocytes (Squair et al. 2017a) . In contrast, when descending sympatho-excitatory input to the upper thoracic spinal cord is intact after SCI (T5 SCI), there is an increased density of tyrosine hydroxylase-positive terminals in the heart and enlargement of stellate soma, suggesting increased cardiac sympathetic nerve activity (Lujan et al. 2010 (Lujan et al. , 2012 . This manifests as electrophysiological changes, including altered sinus rhythms, increased risk of arrhythmias (Lujan et al. 2010 (Lujan et al. , 2012 ) and a greater reliance on adrenergic stimulation to maintain contractile function (Lujan et al. 2012) . Importantly, in both of these injury models the lack of descending control to the splanchnic region reduces stroke volume and has recently been shown to cause significantly dysfunctional haemodynamic responses to coronary ischaemia (Lujan & DiCarlo, 2007 . Put together, these findings suggest that the global systolic dysfunction observed in experimental SCI is heavily dependent on descending sympatho-excitatory control. However, how global and regional systolic function changes with differing severities of SCI (and therefore different amounts of intact sympathetic control) is unclear.
Therefore, the principal aim of the present study was to extend previous research into cardiac function after SCI by examining how the severity of SCI impacts regional cardiac function as well as underlying cardiomyocyte morphology. We have recently shown that the number of intact descending sympatho-excitatory axons responsible for maintaining sympathetic cardiovascular control is severity dependent (fewer intact axons with a more severe injury) and can be modelled reliably in rodents (Squair et al. 2017b) . Using this as our guiding framework, we combined speckle tracking echocardiography, a clinically relevant and angle-of-insonation-independent measure of LV mechanics (Amundsen et al. 2006; Langeland et al. 2006) , with a robust analysis of cardiac myocyte structure in rodents with different severities of contusion SCI to examine how the severity of injury impacts cardiac structure and function.
Methods

Ethical approval
All procedures were conducted according to the Canadian Council for Animal Care. Ethical approval was also obtained from the University of British Columbia (A14-0152).
Experimental design
Fifteen male Wistar rats (age 9 weeks, mass 300-450 g; Harlan Laboratories, Indianapolis, IN, USA) were randomly assigned to one of three groups: sham-injured control (SHAM; n = 5); moderate T3 SCI (MODERATE; n = 5); or severe T3 SCI (SEVERE; n = 5). Three SHAM animal hearts were damaged during harvesting and therefore three separate SHAM animals were used to supplement the immunohistochemistry analysis. These animals were not used in any correlation analyses. We used in vivo echocardiography and speckle tracking analyses to determine temporal changes in cardiac structure and function. We conducted assessments pre-injury and at days 14 and 30 post-injury. At the study end-point (day 31) all animals were used for cardiac immunohistochemistry ( Fig. 1A and B) .
Spinal cord surgery and animal care
Spinal cord contusions were conducted as we have previously described (Squair et al. 2017a, b) . Animals were started on a prophylactic dose of enrofloxacin [10 mg kg −1 , S.C.; Baytril; Associated Veterinary Purchasing (AVP), Langley, BC, Canada] 3 days before surgery. On the day of spinal cord contusion, animals were anaesthetized (initial chamber induction at 4% isoflurane with 2 l min −1 oxygen, followed by maintenance on a Bain system at 1.5-2% isoflurane with 1.5-2 l min −1 oxygen) and administered enroflocaxin (10 mg kg −1 , S.C.), buprenorphine (0.02 mg kg −1 , S.C.; Temgesic; McGill University) and warmed lactated Ringer solution (5 ml, S.C.). The superficial muscles overlying the C8-T5 vertebrae were opened with a dorsal mid-line incision. The T2 and T4 spinous bodies were stabilized with custommodified Allis forceps, which were mounted on a secure metal stage. The custom-made impactor tip [2.5 mm; Infinite Horizons (IH) Impactor] was placed mid-line directly over the exposed T3 dura. SHAM animals were removed from the surgical stage at this time point and subsequently sutured. For spinal cord-injured animals, the impactor tip was driven downwards with either 200 (MODERATE) or 400 kdyn (SEVERE) predefined force, with 5 s of dwell time for each injury. The wound was then irrigated and closed with 4-0 Monocryl (Ethicon) for muscle and 4-0 Prolene sutures (Ethicon) for skin. Animals were allowed to recover in a temperature-controlled environment (Animal Intensive Care Unit, Lyon Technologies, Los Angeles, CA, USA) and were administered enrofloxacin (10 mg kg −1 , S.C.) and buprenorphine (0.02 mg kg −1 , S.C.) every 12 h for 3 days after surgery. Bladders were manually expressed three times per day until spontaneous bladder voiding was restored (ß1 week post-injury in SEVERE animals).
In vivo echocardiography and speckle tracking analyses
We completed echocardiography using a commercially available imaging system (Vivid 7; GE Healthcare, Horten, Squair et al. 2017a) . The spread of injury in this schematic diagram is based on previous modelling of this experimental injury (Squair et al. 2017b . At 14 and 30 days post-SCI, each rat was assessed using echocardiography to determine structural and functional changes to the left ventricle. At 31 days, animals were euthanised and the heart was harvested and processed in preparation for histological analyses of cardiomyocytes. C, left ventricular internal diameter during diastole (LVIDd) was significantly reduced at 5 weeks (5WK) compared with pre-injury (PRE) after SEVERE SCI (6.01 ± 0.48 versus 7.09 ± 0.38 mm; P = 0.0054). D, left ventricular internal diameter during systole (LVIDs) was significantly reduced at 5WK (3.03 ± 0.4498 mm) compared with PRE (3.78 ± 0.209 mm; P = 0.006) and 2 weeks (2WK; 3.65 ± 0.568 mm; P = 0.024) after SEVERE SCI. E, estimated stroke volume (SV) was not statistically different at 5WK after SEVERE SCI compared with PRE (ANOVA P = 0.264). SEVERE 5WK different from SEVERE PRE (post hoc test after ANOVA interaction P < 0.05). Data are displayed as means ± SD.
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Norway) and specialized transducer specifically designed for use in rodents (GE Healthcare i13L; 5.6-14.1 MHz), as we have previously described (West et al. 2014 (West et al. , 2016 Squair et al. 2017a) . Animals were anaesthetized using isoflurane (initial chamber induction at 4% isoflurane with 2 l min −1 oxygen, followed by maintenance on a Bain system at 1.5-2% isoflurane with 1.5-2 l min −1 oxygen), with heart rate maintained between 300 and 350 beats min −1 . Measures of LV structure and function were imaged using M-mode echocardiography in a parasternal short-axis view. Estimated volumes were calculated according to the Teichholz method (West et al. 2014) . Pulsed-wave Doppler during an apical four-chamber view was used to estimate early diastolic filling velocity. Results were quantified (Echopac; GE Healthcare) and determined from the average of five cardiac cycles. Speckle tracking analysis (Echopac; GE Healthcare) was used to calculate radial strain, an index of LV mechanics, in a parasternal short-axis papillary view (West et al. 2016) . Five cardiac cycles were used, and the average for each animal was taken. Each cardiac cycle was taken from the peak of the P-wave to the peak of the next P-wave and standardized to 100% cardiac cycle using customized software in order to obviate expected differences in heart rate across animals (West et al. 2016) .
Tissue processing and immunohistochemistry
Tissue processing. Animals were overdosed with chloral hydrate (1 g kg −1 , I.P.), perfused transcardially with 500 ml of 0.1 M PBS, and fixed with 500 ml of 4% formaldehyde in PBS. Hearts were dissected and prepared for immunohistological analysis according to our previously described methods (West et al. 2014; Squair et al. 2017a, b) . Briefly, hearts were sectioned along the longitudinal axis into thirds. The left mid-ventricular level was placed in a custom mold, covered with cryomatrix, and stored at −80°C. Cross-sections (10 μm thick) were then obtained using a cryostat. The right femur was removed from each animal to provide length-corrected measures for all structural echocardiographic indices at 5 weeks post-injury. Lesion sites (±4 mm of epicentre, spinal segments T1-T5) were dissected after perfusion and post-fixed in an identical manner to the heart tissue. Injury site sections were cross-sectioned at 20 μm thickness and mounted on sets of 10 slides (Fisherbrand Superfrost), with eight sections per slide and an inter-section distance of 200 μm.
Immunohistochemistry. Left ventricular sections were first thawed for 1 h at room temperature and pat-penned, followed by rehydration in 0.1 M PBS for 10 min. Next, sections were incubated with 10% normal donkey serum for 30 min. After removal of normal donkey serum, sections were incubated in primary antibody prepared in 0.1 M PBS-Triton overnight at room temperature. The next morning, three 10 min washes with 0.1 M PBS were done to remove the primary antibodies, after which the sections were incubated with secondary antibodies for 2 h. Sections were then coverslipped using immunomount and stored at 4°C. The following primary antibodies were used: mouse anti-collagen I (COL1, 1:2000; Abcam, Cambridge, UK; ab90395), rabbit anti-α-actinin (αA, 1:100; Abcam; ab68167) and goat anti-connexin 43/GJA1 (CX, 1:250; Cedarlane, Burlington, Canada; NBP1-51938). Secondary antibodies used were as follows: Alexa Fluor 647 donkey anti-goat Imaging. Immunofluorescence was digitally imaged using an Axioplan 2 microscope (Zeiss, Oberkochen, Germany) or a Zeiss AxioObserver Z1 confocal microscope equipped with a CSU-X1 spinning disc (Yokogawa Electric, Tokyo, Japan), and AxioVision 4.8 ZEN Blue (Zeiss) was used for all digital image capture procedures. Post-processing was completed using ImageJ software (National Institutes of Health, Bethesda, MD, USA).
Quantification of immunolabelling
All myocyte measurements were made over the LV free wall by a blinded experimenter. Myocyte length was measured as the distance between two CX-labelled endplates and confirmed by the localization of at least one nucleus between these two sites. Five myocytes were measured per ×20 image, for a total of 40 measured myocytes per animal. The Z-disc width was measured as the width of individual αA labels. Ten individual measurements were made per ×20 image, for a total of 80 estimations of Z-disc width per animal. Myocyte length/width ratio was then calculated. To measure individual sarcomere lengths, the distance between two αA labels was used, as we have previously described (Squair et al. 2017a) . Ten individual measurements were made per ×20 image.
For COL1 quantification, a standardized particle density quantification was used. Briefly, images were processed using ImageJ, where each image was converted to 8 bit, and a particle threshold (Default Dark) was set. Integrated particle density was then calculated as number of pixels × area (1,443,520 pixels) of image. Eight images across four individual sections per animal were taken at ×20 over the LV myocardium. Lesion site sections were stained with Eriochrome Cyanine, according to standard operating procedures. The epicentre of the lesion was defined as the section with the least amount of white matter sparing. White matter sparing was defined as normal or near-normal myelin-positive staining and was then quantified every 1 mm from the lesion site epicentre in both the rostral and caudal directions.
Statistical analyses
All statistical analyses presented were conducted using SPSS 19/20 Software (IBM, North Castle, NY, USA). All graphical representations of data were made using GraphPad Prism 6 (GraphPad Software, Inc. La Jolla, CA, USA), and all immunohistochemical images were taken using ZEN blue (Zeiss) and processed with Adobe Photoshop CC (Adobe Systems, San Jose, CA, USA). All cardiac and immunohistochemical data were analysed using Student's unpaired t tests, one-way ANOVA or repeated-measures ANOVA, as appropriate. Data are presented in the text and visualized as means ± SD. Where appropriate, the raw data are presented in order to aid in interpretation. Significant main or interaction ANOVA effects were further investigated using Tukey's HSD post hoc testing with a Dunnett correction. Correlational analyses were conducted using parametric correlation [Pearson's correlation, represented as the coefficient of determination (R2)]. The significance level for all statistical tests was set at P = 0.05.
Results
Severe T3 spinal cord contusion impairs cardiac structure and function
Time-course echocardiography revealed a significant decrease in absolute LV diameter during both diastole (LVIDd) and systole (LVIDs) after SEVERE SCI but not MODERATE SCI or SHAM at 5 weeks (5WK) post-injury versus pre-injury (PRE; Fig. 1C and D) . After correcting all structural values to femur length after dissection, we observed a near-universal decline in all echocardiographic indices after SEVERE SCI but not MODERATE SCI at the 5WK time point (Figure 2A ; Table 1 ). Specifically, LVIDd, LVIDs, end-diastolic volume, end-systolic volume and stroke volume (SV) were all reduced after SEVERE SCI compared with both MODERATE SCI and SHAM animals (all P < 0.01). Conversely, no differences were noted between MODERATE SCI and SHAM (Table 1; all P > 0.05) or in posterior and septal wall metrics (Table 1; all P > 0.05). No differences in body mass or femur length were noted between groups (Table 1) .
T3 spinal cord injury globally reduces left ventricular strain
Global radial strain was significantly reduced after SEVERE SCI at 5WK post-injury (Fig. 2B) . No differences were noted between LV regions (Fig. 2B) . By 5WK post-injury, radial strain throughout the systolic component of the cardiac cycle was significantly impaired in SEVERE SCI compared with both MODERATE SCI and SHAM (Fig. 2C ). This was in contrast to the relatively similar patterns seen at PRE and at 2WK postinjury (Fig. 2C) . When examining the average peak strain, a time-course-dependent relationship was observed, whereby SEVERE SCI decreased significantly at 5WK compared with PRE (Fig. 2D) . Conversely, no differences between 5WK and PRE were noted for MODERATE SCI or SHAM (Fig. 2D ). Lastly, a significant correlation was noted between peak radial strain and SV as well as cardiac output (Fig. 2D ).
Spinal cord injury elicits changes in myocyte and sarcomere structure but not myocardial fibrosis SEVERE SCI resulted in significantly shorter myocyte length and Z-disc width as well as an increase in the myocyte length/width ratio compared with SHAM and MODERATE (Fig. 3A-C) . In addition to the group differences, we observed that the myocyte length/width ratio was significantly correlated with SV (Fig. 3C) . Despite the decrease in average myocyte length, sarcomere length did not change after SEVERE SCI (Fig. 3C) . Thus, to explain the decrease in myocyte length, we estimated the number of sarcomeres based on the myocyte length and sarcomere length. The average number of sarcomeres tended to be reduced after SEVERE SCI ( Fig. 3C ; ANOVA P = 0.0848). Finally, in contrast to the structural changes after SEVERE SCI, we observed no differences in COL1 deposition between any groups (data not shown). Of note is the consistent decrease in all regions after SEVERE SCI. Furthermore, it is crucial to note that no regional differences were observed in any groups (all P > 0.05). C, radial strain standardized to cardiac cycle length for each measurement revealed a significant decrease in radial strain throughout the systolic component of the cardiac cycle. Specifically, a significant difference was observed between SEVERE SCI and MODERATE SCI (n = 5) as well as between SEVERE SCI and SHAM (n = 4; all P < 0.05). No differences were noted between any groups pre-injury (PRE) or at 2 weeks (2WK) post-injury (ANOVA P > 0.05). D, at 5 weeks (5WK) post-injury the peak radial strain was significantly reduced from PRE for SEVERE SCI (25.6 ± 3.0 versus 44.5 ± 8.1%; P = 0.0029) but not for MODERATE SCI or SHAM. Finally, significant relationships were noted between peak radial strain and stroke volume (SV) as well as cardiac output (CO). Note that one SHAM rat was removed from the speckle tracking analysis owing to poor image quality. * P < 0.05 SEVERE versus SHAM. ‡ P < 0.05 SEVERE versus MODERATE. P < 0.01 SEVERE 5WK versus SEVERE PRE. All data are displayed as means ± SD. A, representative immunohistochemistry images from SHAM, MODERATE SCI, and SEVERE SCI, demonstrating the characteristic cardiomyocyte structure and organization. Scale bar = 50 μm. B, high-magnification images taken on a confocal microscope (AxioObserver ZI) illustrating the decrease in myocyte length and width after SEVERE SCI. Scale bar = 10 μm. B, high-magnification (×63) images taken on a confocal microscope (AxioObserver Z1) illustrating the decrease in myocyte length and width after SEVERE SCI. Schematic diagram on the left indicates how each measurement was made. Circles indicate the approximate area of one myocyte. White arrows indicate the presence of gap junctions, labelled using connexin-43 (CX). Scale bar indicates 10 μm. C, in each of the top row panels, the raw data are presented with each biological replicate average overlaid. Bars represent the means ± SD. The Z-disc width (top left panel) was significantly shorter after SEVERE SCI (7.78 ± 0.71 μm), compared with both SHAM (10.78 ± 1.08 μm versus SEVERE; P = 0.0015) and MODERATE SCI (9.94 ± 1.19 μm versus SEVERE; P = 0.0147). Likewise, myocyte length (top middle panel) was significantly shorter at 5WK after SEVERE SCI (115.6 ± 7.63 μm), compared with both SHAM (125.8 ± 6.75 μm versus SEVERE; P = 0.0458) and MODERATE SCI (126.1 ± 1.00 μm versus SEVERE; P = 0.0389). Sarcomere length (top right panel), taken as the distance between each αA-labelled Z-disc, was not different between any group (P = 0.9570). Myocyte length/width ratio (bottom left panel) was then derived and was significantly higher after J. W. Squair and others SEVERE SCI (14.88 ± 0.66), compared with both SHAM (11.74 ± 0.89 versus SEVERE; P = 0.0018) and MODERATE SCI (12.83 ± 1.55 versus SEVERE; P = 0.0304). Based on myocyte length and sarcomere length, the average number of sarcomeres per myocyte was estimated, and SEVERE SCI (35.7 ± 2.56) tended to demonstrate fewer sarcomeres than SHAM (38.6 ± 2.37) and MODERATE SCI (38.7 ± 1.52; ANOVA P = 0.0848). Lastly, a significant correlation was derived between stroke volume (SV) and the myocyte length/width ratio (R 2 = 0.6593; P = 0.0013).
T3 contusion SCI induces a severity-dependent decrease in white matter sparing MODERATE and SEVERE T3 contusion induced significant damage at the spinal cord lesion epicentre that then extended up to 4 mm in the rostral and caudal directions (Fig. 4) . There was a severity dependence in white matter sparing at 5 weeks, whereby MODERATE SCI retained significantly more white matter at numerous points along our quantification compared with SEVERE SCI (P < 0.05). In fact, in SEVERE SCI, there was a near-complete abolition of all white matter at the lesion site epicentre (Fig. 4) .
Discussion
Here, we used two severities of T3 spinal cord contusions to provide new insight into the effect of SCI severity on the heart. We found that severe contusion SCI elicited a decrease in myocyte length and width and a consequent increase in the length/width ratio. These decreases were strongly related to a significant reduction in flowgenerating capacity (i.e. stroke volume). The fact that we found no appreciable changes in myocyte morphology or cardiac dysfunction after moderate contusive SCI, combined with our recent findings, which showed differential sympatho-excitatory axon sparing in these injuries (Squair et al. 2017b) , demonstrates the crucial importance of preserving spinal sympathetic pathways to prevent cardiac dysfunction after SCI.
The first major finding of this study was that spinal cord contusion was associated with a severity-dependent decline in global indices of cardiac structure (i.e. LVIDd, LVIDs), estimates of global systolic dysfunction (i.e. SV) and in vivo LV strain. The prevailing explanation for the characteristic decline in LV dimensions is reduced venous return resulting from the loss of descending sympatho-excitatory control from the rostral ventrolateral medulla (Krassioukov & Fehlings, 1999; Squair et al. 2015) as well as reduced muscle pump activity (Raymond et al. 1999; Faghri & Yount, 2002) and impaired venous compliance (Wecht et al. 2000) . In line with this, we show that white matter within the spinal cord, and thereby any descending sympatho-excitatory axon populations, was nearly abolished after SEVERE SCI and was accompanied by profound cardiac dysfunction. Conversely, we found preserved cardiac function in our MODERATE group, with only ß10% white matter sparing at the lesion epicentre, a finding that is potentially explained by the relatively few axons required to regulate cardiovascular function (Squair et al. 2017b) . Importantly, we found that in vivo LV strain was reduced in the absence of changes in ejection fraction or fractional shortening. This observation highlights the limitations of purely dimensional measurements, as they can be heavily influenced by whole heart motion (Miyatake et al. 1995; Nishimura et al. 2012) , and is in line with the notion that in vivo LV strain potentially represents 'impending' cardiac pathology, before any overt reductions in classical measures of LV function (Nishimura et al. 2012) . 
Figure 4. Lesion site characterization
Representative histological images at the lesion epicentre for SHAM, MODERATE and SEVERE animals. White matter sparing was quantified at the lesion epicentre and every 1 mm in both rostral (R) and caudal (C) directions. Two-way ANOVA revealed a significant interaction effect, whereby SEVERE SCI exhibited the most profound and extended damage, demonstrated by a significantly smaller amount of normal or near-normal myelin-positive cytoarchitecture. Scale bar indicates 200 μm. * P < 0.05 SEVERE versus SHAM. † P < 0.05 MODERATE versus SHAM. ‡ P < 0.05 SEVERE versus MODERATE.
The second major finding of this study was that the morphology of individual cardiomyocytes was impaired after SEVERE, but not MODERATE, SCI and that these changes were significantly correlated with an impairment in LV function (i.e. stroke volume and strain). After SEVERE SCI, we observed a decrease in myocyte length and width and an increase in the length/width ratio. These findings, in addition to the global decrease in LV chamber size found on echocardiography (Figs 1  and 2 ), are consistent with previous findings in rodents with severe high thoracic SCI (Squair et al. 2017a) as well as reports of cardiac atrophy after unloading conditions, such as microgravity exposure (Perhonen et al. 2001a) , acute cardiac unloading (Thompson et al. 1984) or use of an LV assist device (de Jonge et al. 2002) , where LV atrophy is associated with decreased myocyte width and cross-sectional area (Thompson et al. 1984) . Importantly, we found that the alterations in cardiomyocyte morphology in response to SEVERE SCI (reduced width and length and a consequent increase in the myocyte length/width ratio) are strongly correlated with a decrease in SV (Fig. 3) . The specific mechanisms that explain how changes in cardiomyocyte morphology regulate contractile function are beyond the scope of the present study. However, we suggest a scenario by which chronic unloading of cardiac myocytes after SEVERE SCI reduces stroke work and ventricular wall stress according to Laplace's law (Squair et al. 2017a) . The unloading could be a combination of both reduced preload (i.e. end-diastolic volume) and reduced afterload, the latter of which is characteristic of the tetraplegic population owing to low arterial blood pressure (West et al. 2012) and reduced catecholaminergic vasomotor projections (Krassioukov & Fehlings, 1999) . We suggest, however, that reduced afterload contributes less to the observed cardiac structural changes, as we have previously reported that MODERATE and SEVERE SCI induce a similar decrease in resting arterial blood pressure (Squair et al. 2017b) .
The third finding was that the lesion in the SEVERE contusive SCI at the T3 level extends ß4.0 mm rostral and caudal from the T3 segment (Fig. 4) . Thus, we expect that descending sympathetic control from the rostroventrolateral medulla over the sympathetic preganglionic neurons that exit the spinal cord at T2 and below is lost (Squair et al. 2017b) . In contrast, the MODERATE injury histology showed ß10% sparing even at the injury epicentre. This difference is important, because the majority of cardiac-projecting sympathetic preganglionic neurons exit the spinal cord at T2 and below (84%), with only a few exiting at the T1 level (Strack et al. 1988) . Furthermore, our SEVERE contusion is also likely to completely impair vasomotor control of the majority of the body's arteriole and venule systems that originate in T6-L1 (Teasell et al. 2000) . The loss of both arteriole (West et al. 2014) and central venous tone (Wecht et al. 2000) combined with an inactive sublesional muscle pump (Raymond et al. 1999; Faghri & Yount, 2002) dramatically influences cardiac preload in a severity-dependent manner. Over time, the reduced preload to the left ventricle and loss of inotropy results in an inward remodelling, whereby the chamber of the ventricle decreases in size (i.e. LVIDd, LVIDs) without any obvious changes in the wall thickness (i.e. eutrophic remodelling, indicated here by an increase in relative wall thickness in SEVERE). This finding is consistent with both short-and long-term bed rest and either simulated or real microgravity exposure (Levine et al. 1997; Perhonen et al. 2001b, a) . Although it has been speculated that a decrease in the absolute size of the left ventricle in isolation could be seen as a potential adaptive feature to reduced loading (de Groot et al. 2006) , our present finding that in vivo strain is reduced and our previous findings that the Starling curve is shifted (West et al. 2014 ) and maximal pressure-generating capacity is impaired (West et al. 2016; Squair et al. 2017a) points to the potential long-term consequences of reduced venous return. It is likely, therefore, that decreased contractility and/or deformation represents a combined consequence of both decreased sympatho-excitatory control over the cardiac sympathetic preganglionic neurons and the inherent mechanisms related to the preload exerted on the ventricle noted above (i.e. Frank-Starling mechanism), both of which are crucially dependent on the severity of the SCI, and thus the amount of descending sympatho-excitatory control.
We have previously shown that blood pressure is significantly lower after our MODERATE injury (Squair et al. 2017b) , suggesting a loss of descending supraspinal control, yet we report here that this same injury induces no cardiac dysfunction. Given that we have no reason to believe the cardiac-projecting sympathetic preganglionic neurons are more resistive to injury than the splanchnic sympathetic preganglionic neurons, it is plausible that the heart is better able to compensate for reduced descending sympathetic drive than the vasculature. To this end, it has been reported that sympathetic nerve terminal density in the LV is, surprisingly, higher after a mid-thoracic contusion injury (Lujan et al. 2010) ; a finding that appears to be driven by increased peripheral nerve growth factor. It is possible, therefore (perhaps as a compensatory response), that the few remaining descending spinal sympathetic pathways that ultimately provide sympathetic input to the heart (i.e. those that originate from the T1 spinal segment), coupled with an increased arborization of the ganglionic sympathetic fibres in the heart, were able to maintain normal cardiac structure and function after MODERATE SCI.
An alternative explanation for the severity-dependent decline in cardiac structure and function is that SEVERE injured animals have of a lower amount of in-cage activity compared with MODERATE injured animals. Although J. W. Squair and others we cannot specifically rule this out, we believe it is unlikely to be the principal cause of our between-group differences, as we have shown that upper limb exercise alone (i.e. swim training) exerts no influence on contractile cardiac function (DeVeau et al. 2017) . It is important to note, however, that rodents with a MODERATE T3 contusion injury recover some weight-bearing stepping (Squair et al. 2017b) , and are therefore likely to maintain their preload, in part, through muscle-pump-mediated increases in flow back to the heart. Although this is likely to contribute to the maintenance of SV, we do not believe it contributes to the maintenance of radial strain and contractile function in our MODERATE group, as we have previously found that hindlimb exercise can improve only stroke volume and not systolic contractile function (DeVeau et al. 2017) . In fact, the only intervention we have found that normalizes contractile function post-SCI is dobutamine, a specific β 1 -agonist (Squair et al. 2017a) . Taken together, we suggest that the greater preservation of descending sympathetic pathways in MODERATE injury (Squair et al. 2017b) preserves systolic contractile function and, in concert with weight-bearing stepping, maintains preload, SV and radial strain.
Conclusion
We report that SCI is associated with a severity-dependent decrease in cardiomyocyte length and width, as well as an increase in the length/width ratio. Furthermore, we show decreases in left ventricular structure (i.e. LVIDd, LVIDs) and that estimated measures of flow-generating capacity (i.e. SV) are impaired. Lastly, we demonstrate that in vivo LV contractility is impaired throughout the entire systolic portion of the cardiac cycle after SEVERE SCI and is significantly correlated with changes in cardiomyocyte morphology. These findings provide preliminary mechanistic insight into the role of descending sympatho-excitatory influence in the maintenance of cardiac function after SCI and suggest that consideration should be given to interventions that target SCI site pathophysiology as a potential method to preserve cardiac contractile function after SCI.
